Abstract Hepatitis C is one of the foremost challenging diseases all over the world. No vaccine has been developed, yet against Hepatitis C virus (HCV). This is partly due to the high mutation rate in the HCV genome, which generates new genotypes and sub genotypes. A mass of efforts have been devoted for the development of an efficient vaccine against HCV. DNA Vaccines, an emerging field of Vaccinology, grasp strong potential to be the most reliable and efficient mode of vaccination in the future. This technology is under investigation currently. Incredibly diverse approaches have been applied as an endeavor to develop a potent DNA vaccine against HCV. The HCV structural genes and the virus like particles have been attempted and so far the results are quite promising in the Lab animals. As there is no proper animal model for HCV infection except chimpanzees, it is very difficult to articulate whether these vaccines will also be pertinent in humans or not. This review will focus on different approaches being used for the development of DNA vaccines, the major tribulations in designing a DNA vaccine against HCV as well as the future prospects for the improvement of under trials DNA vaccines developed against HCV.
Introduction
It is estimated that about 3% of the world population is infected with Hepatitis C virus (HCV). Its prevalence is more common in the developing countries of the world. About 1.5 million deaths occur per year due to HCV [4] . Current estimates of global and regional prevalence of HCV are given in Table 1 and Fig. 1 . Data suggests that in Middle East Anti-HCV antibodies were found in highest percentage in population (4.7%). This is followed by Africa (3.2%) and Europe (2.3%) [22] .
HCV belongs to viral family Flaviviridae [39] . It has positive stranded RNA genome of about 9.5 kb including a large open reading frame (ORF) which encodes a large polyprotien of 3,000 amino acids. There are about 9 genotypes and more than 30 sub-genotypes of HCV throughout the world. The core genotypes of HCV are genotype 1-6, while the subtypes are named as 1a, 1b, 1c and so on [16] . Some of the genotypes like 1a, 1b, 2a, 2b are found all over the world while others like 1b are restricted to specific areas. The genotype 1b more frequently occurs in the Western Europe and Japan, 1a in America, 4 in the Middle East and Central Africa and 1b is found in Turkey [36] . The genotypes of HCV show approximately 30% of diversity in nucleotide sequences of their genomes. In an infected patient, a population of quasi species can be seen due to mutations in the nucleotide sequences of HCV. Particularly the hyper variable region 1 (HVR 1) that is located at the N terminus of E2 protein shows remarkable quasi-specie nature [28] . HVR1 region and its quasi-species nature is thought to play an important role in the immune escape of HCV and in the development of chronic infection [9] . The HCV infection can be divided into three main phases, acute, silent and reactivated. Acute phase infection is generally without any symptoms and lasts for six (6) months, after which the infection becomes chronic. While the silent phase generally takes about 10-15 years [1] .
A DNA vaccine is most promising technique used so far, capable of producing both humoral and cell mediated immune responses. In several experiments and research works it has been shown that DNA vaccines are much victorious as compared to other types of vaccines, in providing protection against infectious diseases [41] , particularly viral diseases [35] . DNA vaccines designed predominantly against different types of cancer, HIV, Influenza, Hepatitis C and other major human diseases are currently under clinical trials [24] . These plasmid encoded vaccines provide a platform for the advancement in the field of vaccinology and molecular biology.
DNA vaccines or the genetic vaccines consist of a bacterial plasmid which contains the gene for the desired antigen, a promoter and a terminator for efficient gene expression [41] . These are constructed by isolating the antigenic gene from the disease causing agent and then cloning those genes into a bacterial plasmid [11] . Upon administration of the vaccine in vivo, the antigen DNA is expressed and processed. The unique element of DNA vaccine is that it elicits a very strong CD4
? and CD8
? response in vivo. There is very little data available that explain how the DNA vaccine activates the humoral and cellular immunity. However, it is known that the CpG motifs act as built-in adjutants in DNA vaccines. It recognizes their unique Toll like Receptor 9 (TLR9) and hence enhances the immunogenicity of the DNA vaccines [21] . It is also reported that the double stranded nature of the DNA vaccine actually exerts the adjuvant effect. It activates the TANK binding kinase 1 (TBK1) dependent innate immune signaling pathway and presents the antigen either directly or indirectly to specialized cells in vivo [29] . Fastidious advantages of DNA vaccine over traditional vaccine is that the DNA vaccine can activate all three forms of the adaptive immunity, named as Helper T Cell response, antibodies and cytotoxic T Cell response. It also avoids cellular transformation and provokes immunity that cannot be induced by wild type infection [32] . It minimizes the risks associated with the possible reversion of the weakened organism to infectious one as in case of attenuated and inactivated vaccines. Problems of limited resources for the large scale implementation are all solved by the DNA vaccines as it is several folds safe and possible to design according to need [41] . Immune responses are diverse and can be biased from T Helper Cell type 1 (Th1) to T Helper Cell type 2 (Th2) [40] . Studies have also shown that continuous administration of DNA vaccine does not elicit any anti-DNA antibody [46] .
DNA vaccines that particularly elicit T cell response in the host has been shown to be more desirable in viral infectious diseases. The plasmid vector carry antigenic gene when it is delivered into host cell where it is transcribed and mRNA is formed. The mRNA is translated into the protein product and is usually cleaved by the proteosomes of the host cell. The resulting peptides are then represented on the cell surface by Major Histo-Compatibility Complex 1 (MHC 1) as antigen/MHC1 complex, which binds CD 8? T cells. This induces cell mediated response, which is particularly required in case of virus Fig. 1 Epidemiology of hepatitis C virus around the globe in 2010. Courtesy by Lavanchy [22] antigens. DNA vaccines are more efficient than other vaccines because their antigenic epitopes more closely resemble the native viral proteins. In case of traditional vaccines, the proteins are altered either during the manufacturing process or during the delivery of vaccines. Moreover, after delivery into the body, the proteins are more often modified by the cellular environment and hence fail to elicit a strong immune response. DNA vaccines have one more advantage over other vaccines as in case of DNA Vaccines multiple antigens can be administered at a single dose by the construction of a polycistronic vaccine which encodes antigens of different origins [15] . In contrast to conventional vaccines that are aimed to induce humoral responses, DNA vaccines primarily activate cytotoxic T lymphocytes, involved in the clearance of the virus. Also there are a lot of risk factors associated with the introduction of xenogenous substances, as it is a common procedure in conventional vaccines. All these possibilities are limited and avoided in the preparation of DNA vaccines [34] . DNA vaccines are also capable to act against antigenic shift and antigenic drift variants. This is an additional benefit and can be useful for HCV vaccination [26] .
The use of viral vectors for the administration of DNA vaccines can be beneficial as well as harmful for the host. In case the gene of interest is integrated in the host genome, it can lead to mutagenesis and can induce carcinogenesis, by either activating an oncogene or inactivating tumor suppressor gene. It can also render a functional gene into a non functional gene. The DNA vaccine may also create autoimmune disorder and immunologic tolerance, as in majority of cases, especially in eukaryotes where the product is very much less [25] .
Why is it Difficult to Manufacture HCV Vaccine?
The genome variability in HCV is very high, and that is the biggest hurdle towards stepping vaccination attempts against it. The HCV virus is constantly mutating itself and this is an important part of its survival strategy. HCV produces 1,012 new viruses per day inside human body and the HCV NS5B RNA polymerase, which lacks proofreading activities, introduces about 1 error in every 10,000 bases made [10] . As a comparison, human DNA polymerase, whose function is to copy DNA at cell division, introduces about 1 error in 10,000,000,000 bases made and other error-preventing systems even reduces this rate further. Doing some combinatorial arithmetic, assuming an even distribution of mutations in the HCV genome, an infected person can potentially carry a virus with every single nucleotide mutation and 10% of all double mutations at any one time [14] . This variability makes it difficult to design drugs/vaccines against HCV. Since the drugs are targeted against specialized viruses, reducing viral loads. Evolution selects resistant quasi-species of the virus towards which the drug becomes ineffective.
HCV RNA encodes a large poly protein of about 3,010-3,033 amino acid residues [42] that is post translationally processed by both viral and host proteases. The proteins closer to the N terminal of the polyprotein are called the structural proteins, while those closer to the carboxy terminal are called non structural proteins [19] . Two non-translated regions are also present known as 5 0 NTR and 3 0 NTR, present at the 5 0 and 3 0 terminals respectively [15] . Structural region of HCV consists of four proteins, namely: Core protein (C), two envelop proteins (E1 and E2) and a small protein p7, and these proteins are thought to play a crucial role in the formation of viral particle. The non structural proteins of HCV consist of NS2, NS3, NS4 and NS5. The genome order of HCV has been determined to be 5
All these genes have been tested for the development of DNA vaccines, but the non structural genes particularly the two envelop proteins and the core protein remained the center of attention for the researchers since a long time. Recently the non structural genes are also utilized both individually and in combination with the structural genes for the development of a competent vaccine against HCV.
Secondly, HCV is unable to evoke sterile immunity; the re-infection from the same strain or different genotype can occur following first infection [17] . For the production of an effective vaccine against HCV, it is necessary that the vaccine should induce long lasting, high titer and cross reactive antibodies and should also be capable of evoking T cell mediated immunity. DNA vaccines are the prime candidates that can have all the properties of a good vaccine against HCV. Such DNA Vaccines can be designed that will induce T helper response and it will in turn induce both Th1 and Th2 responses against HCV [5] .
DNA vaccines against HCV are the current research focus in many well known virology and vaccinology research centers. As the main hurdle in the development of a DNA Vaccine is the high mutation rate of HCV, researchers are exploiting the conserved regions in the genome of HCV for development of vaccine. HCV core is commonly exploited as it is the most conserved region in the HCV genome [18] . The envelope glycoprotiens are quite variable regions but in the start these regions were not considered as potent for the development of vaccine; however, these regions are also engineered today along with E2 HVR1. In one study, E2 glycoproteins and HVR1 were used. The chimpanzee model used to inoculate the vaccine, showed both cytotoxic T cell response and produced antibodies to E2 and HVR1 [20] . HCV nonstructural proteins are also under investigation for the development of DNA vaccines because of their significance in the viral life cycle and for being conserved areas in most of the genotypes of HCV. Previous literature indicates that DNA vaccines are very potent in the development of both T cell and B cell immunity against HCV. Researchers are paying attention on proper delivery system for transformation of cells for the development of a more effective DNA vaccine [8] .
This review will focus on the recent advances in the development of DNA vaccines against HCV, the identification of a potent adjuvant and its effect on the efficacy of currently developed DNA vaccines and the development of a suitable delivery system for the efficient expression of the vaccine genes.
DNA Vaccines Against HCV

Development of Alphaviral Particle
Lin et al. [27] reported that broad CD4
? and CD8 ? T cell responses can be induced by the vaccination of Th1-Adjuvanted polypeptide. It is followed by alphaviral particles expressing the gpE1, gpE2, NS3, NS4 and NS5. By such vaccination cross reacting antibodies are also produced against HCV. In various experiments, recombinant HCV polypeptides were combined with various Th1 type adjuvants and replication defective alphavirus particles which encoded HCV proteins in different prime/boost modalities. The defective alphaviral particles which encoded gpE1/ gpE2 heterodimer and NS345 elicited very strong CD8
? T cell response but the CD4
? response was very weak in BALB/C mice. When gpE1/gpE2 heterodimer was adjuvanted with MF59 with CpG oligonucleotide, the CD4 ? response was enhanced but no CD8
? T cell response was observed in the subjects. When recombinant NS345 was used, the CD4
? T helper cell response was very high but ultimately there was no CD8
? T cell response even the prep was adjuvanted with Icosamatrix CpG. Both CD4 ?
and CD8
? responses were observed when first the prep was adjuvanted with Th1 type protein and then boosted with chimeric effective alphavirus particles that contained the HCV genes. This prime/boost prep resulted in the induction of anti-E1E2 antibodies that were cross reactive against a number of other genotypes [27] .
Although such type of DNA vaccine showed promising results in BALB/c mice but whether it will work in humans or not, is still a question. Moreover, as the alphaviral particles are replication defective, so the antigens may not be represented sufficiently in humans.
The main problem associated with the alpha viral particles prime/boost vaccine is its inability to replicate in the host cells. In some studies, viral vectors able to replicate inside the host cell and which expressed HCV genes were used. Viral capsid, E1, E2, p7, NS2 and NS3 genes of genotype 1b of HCV were engineered in vaccinia virus vector system and a recombinant vaccinia virus (rVV) was tailored that expressed all these genes. Chimpanzee models were immunized with the rVV. After the challenge, all the animals resolved the infection. Control animals, who received only parental rVV, developed chronic infection. The immunized animals were, then subjected to other genotypes of HCV, the vaccine gave cross protection against several genotypes, particularly against genotype 4 and 5 [45] . This suggests that replicating Vaccinia virus may be a potent candidate for development of DNA vaccine against HCV.
In another study, recombinant virus like particles were developed as an attempt for the production of DNA vaccines against HCV. HCcAg 120-VLPs were designed that contained hepatitis C surface antigen with three other peptides that were A1, A2 and A3. The VLPs were injected to BALB/c mice alone and in combination with different adjuvants. HCcAg 120-VLPs elicited both antibodies against the surface antigen and a highly specific T cell response. Moreover, the formulation also induced delayed type of hypersensitivity response and induced Th1 cytokines in the mice. When the formulation was used with an adjuvant like Montanide ISA888, it resulted in a remarkable control of the virus titer. After immunization with VLPs-adjuvant formulation, the mice were subjected to recombinant vaccinia virus which expressed HCV core proteins. The immunized mice showed marked increase in specific IFN-c in their spleen cells [33] . This indicates that recombinant VLPs may also be fruitful in the formulation of a novel genetic vaccine against HCV.
Development of Polytopic Vaccines
To be potent enough against HCV, a vaccine should be designed such that the CD8
? T cell response against the virus is rigorous and highly specific. With such an idea, a polytope vaccine was designed that is comprised of one H-2Dd (E2 protein) and two HLA-A 0201 (E1 and core). The format of the minigene was E2E1C for optimum epitope expression and presentation. The DNA sequence was cloned in pcDNA3.1 vector system. Immune enhancer elements, Universal T helper epitope (PADRE), endoplasmic reticulum signal sequence and HBsAg genes were also cloned in the formulation both separately and in combination. Expression and presentation of the epitope was enhanced with the use of enhancer sequences and endoplasmic reticulum signal sequences in cell lines [3] .
The vaccine is not yet tested in experimental animals and/ or in humans but it is thought to be valuable in the development of DNA vaccine against HCV. Wen B et al. also studied the immunogenicity of E2 gene of HCV. The E2 gene alone can induce the T Cell response against the virus but the response is not sustained. In contrast, when Globular Domain of Human Adiponectin gene was fused with E2, the response was greater. The fusion gene was expressed in mice and the mice showed a higher T Cell response against the virus [44] . This study can contribute a lot towards the development of a DNA vaccine against HCV.
The HCV core protein has immune-suppressive properties and suppresses the action of antigen presenting cells and T cells. It has been shown that core alone can lead to sustained suppression of CD3? and CD4
? T cells. So it is not a good candidate for vaccine development alone. However, if some other appropriate immunogen is linked with the core gene; it can induce both humoral and cellular response [7] . The core protein of HCV has been shown to suppress the immune responses when expressed in liver cells in terms of inhibition of granzyme B and cytokines production. However, if the dendritic cells are transfected with the core gene, it leads to the expression of regulatory T cells. This is responsible for the persistent infection. However, if conjugated with NS3, the response may be biased to viral clearance by production of both effector and regulatory T cells [23, 30] .
Development of Bacillus Calmete Gurein Based Vaccine
In the most recent years Bacillus Calmete Gurein (BCG) is being used as a vector system in the field of DNA vaccination. It is already in use as an effective delivery system in a number of bacterial, viral and other parasitic infections. Recently, it was subjugated in the HCV epitope delivery experiments, as a sound delivery system for HCV vaccines is still a major research problem. Being relatively inexpensive, heat stable and capable to carry large amount of DNA, BCG is presently in use in many countries. Incidences of complications are also very low, and itself it can induce T-cell responses. Therefore, it is a good candidate for the development of vaccines against HCV.
Two plasmids pDE22-CtEm and pDE22-CS1 were incorporated into BCG Tokyo strain. These plasmids were carrying genes for the Core, E2 and CTL epitopes that have effectively expressed the HCV multi-epitope antigen CtEm and HLA-A2.1. Transgenic mice were immunized with the recombinant BCG strains rBCG-CtEm. High levels of antibodies specifically targeted towards the multi-epitopes of HVR1 were produced in the serum of transgenic mice. However, the humoral immune response was good only in rBCG-CtEm group. The antibody level was only detectable in the initial inoculation and increased many folds upon booster injection. In vitro, HCV epitope specific cellular immunity was also induced in the mice [43] . The results from BCG based vaccines were very satisfactory in Lab animals, however, it is still to be verified whether these vaccines are going to be productive in future or not.
Development of NS Genes Based DNA Vaccines
In contrast to the structural genes of HCV that are significant for the production of strong immune response, some studies revealed that non structural genes are also chief candidates for the development of DNA vaccines. HCV genes, NS2 and NS5a, that play a role in viral pathogenesis and resistance to interferon treatment, were cloned in a eukaryotic expression vector, pcDNA 3.1(?), which encoded the full size NS5a protein. Mice were immunized three times with the construct that induced a broad spectrum cellular immunity directed against NS5a protein.
After immunization with the recombinant plasmid, the mice were subjected to viral challenge. The mice produced antiviral cytokines IFN c and IL2. A novel adjuvant immunomodulator, Immunomax was used with the construct which showed high activity in the genetic immunization. The T cell response was also enhanced by using the adjuvant-construct mixture [31] . The results were good enough and suggest further work on this system. As these genes are involved in pathogenesis and interferon resistance, the implementation of such type of vaccine can be problematic.
A strong T cell response against NS3 protein of HCV has been reported in a variety of studies in acutely infected and chronically infected HCV patients [12] . Also the NS3 protein can induce both class I and class II restricted T cell responses, which are directly related to the clearance of the virus [38] . The T cell induced granzyme B (GrB) production is also directly related to the viral clearance. It has been shown that NS3 can increase the production of both CD4
? GrB production and CD8 ? GrB production. However, if the NS3 is primed with the core gene the GrB production can be increased to three or four folds. Hence, the NS3 is a potent candidate for the development of prophylactic and/or therapeutic DNA vaccine that will be able to induce a strong T cell response and will ultimately lead to the clearance of virus [13] .
If the pathways, by which the regulatory T cell response may be reversed or blocked, are known, it will help in designing a potent immunotherapy and/or a DNA vaccine against HCV.
Development of Glycoproteins Based DNA vaccines
The glycoproteins of HCV, E1 and E2 are the major targets of antibodies because they play a significant role in viral Development of DNA Vaccines Against Hepatitis C virus 257 entrance to the cell [17] . Previous studies on immunity against HCV infection suggests that T-Cell responses induced in patients are strong and multi-specific and are involved in viral clearance from the body. Very little is known about the antibody response during infection, partly because of the unavailability of proper cell culture system for the virus [15] . But these problems are overcome by the retrovirus-HCV pseudoparticles (HCVpp) and JFH1 strain based cell culture system (HCVcc). In different studies, E1, E2 and p7 genes, individually and in combination have been used as potential vaccine candidates. Rodents and guinea pigs were immunized with all these versions of the genes and their efficacy was tested. Oil/water adjuvant MF59-0 was used for mouse immunization, while MF59-0 and MF75 were used for the immunization of guinea pigs. E1E2p7, E1E2 and E2 elicited strong humoral response against the genotype from which previously the genes were isolated and cloned, and produced strong neutralizing antibodies in HCVpp (HCV pseudo-particles) and HCVcc (Cell culture grown HCV) based systems. E2 alone was also sufficient to induce antibodies in HCVpp and HCVcc systems. When the experiments were performed in human subjects, the antibody titer reduced 3 folds [47] because of the presence of the lipoproteins in the human sera. This indicated that E2 and E1E2 can induce polyclonal humoral response that also have cross reacting activities and hence may be used in future for the formulation of a therapeutic or prophylactic vaccine against HCV.
Vaccines that Have Entered Phase 2 Clinical Trials
Only two DNA vaccines, CIGB-230 and chronVac-C have entered clinical trials. CIGB-230 is constructed from plasmid pIDKE2 that express HCV structural antigens and HCV core protein. The HCV core protein is sought to play a role as a potent immunogen. This vaccine induces a very strong antibody based and T cell based immunity against HCV in Lab animals. In the phase 1 of clinical trial, the patients immunized, produced antibodies to the viral pseudo particles and 46% of the patients cleared the infection. One third of the patients also produced cellular immunity against the infection. The liver histology of the patients was improved and the risk of fibrosis was reduced. In the phase of 2 trials, the vaccine is used in combination with IFN and antiviral agents like Ribavirin for the treatment of HCV [37] .CIGB-230 vaccine in combination with interferon's and ribavirin is currently suggested in infection in some parts of the world. The other vaccine ChronVac-C is codon optimized NS3 and NS4a genes which are expressed under the control of CMV immediate early promoter. Till now, the reported data shows that the vaccine has no side effects, and T cell response becomes evident after the second dose of the vaccine. However, the complete data has not yet been shown to the public and the trials are going on [2] .
Conclusion
Today our knowledge regarding HCV has become broadened due to the extensive research done on kinetics and pathogenesis of HCV. Above studies show that a lot of research has been done for the development of DNA vaccine against HCV, this is because of the significance, efficacy and thorough understanding in the field of DNA vaccines. No doubt the development of virus like particles is a great gift of molecular virology and is very promising in the development of DNA vaccines in future. Still a lot of research is required in designing a vaccine that should be polycistronic and represent multiple epitopes of HCV. The vaccine should be effective against multiple though not all genotypes of HCV and should also elicit both T cell immunity and B cell immunity; Particularly, the cellular arm of immunity that is responsible for viral control in humans and also in clearing HCV from body during HCV infection. Moreover, a novel immuno-competent transgenic animal model should be engineered to help us identifying the ineffective vaccines before administering in human body. In the light of current research, we can conclude that in near future, a DNA vaccine that would be effective against all the genotypes of HCV will be available in the market.
